The subject of the present work is to develop a simple and effective method of enhancing conversion efficiency in large-size solar cells using multicrystalline silicon (mc-Si) wafer. In this work, industrial-type mc-Si solar cells with area of 125×125 mm 2 were acid etched to produce simultaneously POCl 3 emitters and silicon nitride deposition by plasma-enhanced chemical vapor deposited (PECVD). The study of surface morphology and reflectivity of different mc-Si etched surfaces has also been discussed in this research. Using our optimal acid etching solution ratio, we are able to fabricate mc-Si solar cells of 16.34% conversion efficiency with double layers silicon nitride (Si 3 N 4 ) coating. From our experiment, we find that depositing double layers silicon nitride coating on mc-Si solar cells can get the optimal performance parameters. Open circuit (V oc ) is 616 mV, short circuit current (J sc ) is 34.1 mA/cm 2 , and minority carrier diffusion length is 474.16 μm. The isotropic texturing and silicon nitride layers coating approach contribute to lowering cost and achieving high efficiency in mass production.
Introduction
The multicrystalline silicon (mc-Si) solar cell is not only still heavily dependent on the material base in the semiconductor industry, but also features an excellent stability, mature technology, and easy acquisition [1, 2] . It also satisfies these requirements for the rapidly expanding solar energy markets [3] [4] [5] [6] . The main reason why mc-Si solar cells are widely used is that mc-Si solar cells own the highest growth rate and the lowest fabrication cost in the mass-production level [5, 6] . Even though some commercial Si solar cell panels from company such as Samsung have above 18% conversion efficiency on float zone (FZ) Si wafers [7, 8] , the structure of passivated emitter and rear cell is more complicated by using several expensive photolithography processes. However, the production of crystalline silicon (c-Si) solar cell with such a high efficiency is very small compared to that of conventional Si solar cell because of complicated fabrication process with cost-intensive process steps and because of their small areas. In order to commercialize high-efficiency solar cell for optional consumer electronics, it is essential to produce cells with low cost on Czochralski (CZ) mc-Si wafers and simple fabrication processes proposed in our research.
The efficiency of mc-Si solar cells is mainly limited by minority carrier recombination. Major mc-Si disadvantages are wide varieties of defects inhomogeneously distributed, such as dislocations, grain boundaries, oxygen clusters, metal impurities, and dangling bond. In any pn-junction of the solar-cell process, meanwhile, the emitting electrons inside the c-Si are highly active and easily combine with other elements [9] [10] [11] [12] . Besides, the mc-Si defects can lower the efficiency and decrease diffusion length [13] [14] [15] .
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The essential factors of achieving high efficiencies of Sibased wafer are the large minority carrier recombination lifetime and long diffusion length in mc-Si solar cells [16, 17] . Therefore, removing grain boundary on mc-Si surface by texturing is the present key issue of mc-Si research. We use large size CZ mc-Si wafer in order to investigate the influence of the grain boundary on the minority charge carrier diffusion length. Texturing the front surface of a solar cell generally results in performance improvement, because it removes surface damage or roughness and increases in the short-circuit current [18] [19] [20] . While the result of the bare wafers indicates a good effectiveness in acid etching experiment, a silicon nitride (Si 3 N 4 ) coated on the surface of a real cell by plasma-enhanced chemical vapor deposited (PECVD) further changes the overall reflection properties. The hydrogen-rich PECVD Si 3 N 4 layer can achieve good passivation [21] [22] [23] [24] . In this research, a single layer (SL) Si 3 N 4 and dual layers (DL) Si 3 N 4 are deposited on large size (125 × 125 mm 2 ) mc-Si wafers by PECVD. From the experiment, we find that the effect on DL is better than that on SL. Therefore, our experiment mainly focuses on the concept of utilizing the DL refractive index of Si 3 N 4 to minimize the reflection losses and passivation of the solar-cell surface.
Experiments
A series of experiments on mc-Si texturization were carried out with different approaches. For mc-Si solar cells fabrication, CZ (100)-oriented, p-type, 4-inch diameter, resistivity 1 Ω-cm, size 125 × 125 mm 2 , 300-μm thick wafers were used as a base material. The wafers were textured using acidic mixtures containing hydrofluoric acid (HF) and nitric acid (HNO 3 ) diluted with H 2 O. The mixture of HF and HNO 3 was applied in a dipping bath for the removal of contaminations and lattice defects generated by the lapping of Si wafers. The removal of saw damage and the surface texturing are obtained in one step. High etching rate (∼5 μm/min) is preferable for large-scale production in which many wafers should be texturized in a short time. We have observed from scanning electron microscopy (SEM) micrographs that the Si surface that was etched with acidic solution of HF, HNO 3 and deionized (DI) water in the volume ratio 15 : 1 : 2.5 for 60 seconds showed uniform hemispherical etch pits. This was followed by a clean in 1 : 1 : 5 HCl : H 2 O 2 : H 2 O for 20 minutes and rinse in DI water. Next the n-type emitter was diffused by phosphorus (P) in open-tube furnace using conventional POCl 3 diffusion source at 835
• C for 10 minutes predeposition followed by 20 minutes drive-in process.
After phosphorus glass removal and another clean, Si 3 N 4 films were deposited by the PECVD in a conventional direct plasma reactor operating at 13.56 MHz using a mixture of the silane (SiH 4 ) and ammonia (NH 3 ) and the deposition temperature was set at 450
• C. The refractive index (n) of solar cells depends on SiH 4 and NH 3 gas ratio. Common anti-reflection (AR) layer materials are SiO 2 (n = 1.5), Si 3 N 4 (n = 2.0), and TiO 2 (n = 2.5) [25, 26] . Figure 1 shows on the mc-Si wafers at different ratios of gas flow rate and refractive indices during PECVD process. When the ratios of gas flow increase from 3 to 90, the values of n are decreased dramatically initially, then moderately, and n saturated at 1.91 as gas-flow ratio is larger than 75. The optimal n value with thickness (d) allows us to measure the properties of different AR coatings by using elliptical polarizer. Corresponding expressions for the transmission and reflection coefficients are determined. The inset The front and back metallizations of the diffused mcSi wafers were carried out using standard Ag-paste and Al paste for screen-printed metallization technique followed by baking and cofiring at a temperature of 750
• C in a conveyer belt furnace. Finally, the solar cells were edge isolated using a dicing saw. For simplification of terrestrial solar-cell characterization, the induced current density-voltage (J-V) curves of the developed devices were measured under the air mass (AM1.5G) of the solar simulator (Wacom, Model: WXS-220S-L2) illumination at 1000 W/m 2 on a Keithley 4200 instrument. The quality of the surface passivation was revealed by lifetime measurements, which were obtained by Semilab WT-2000. We also measured the sample's quantum efficiency (QE) by PV Measurement (Model: QEX7).
Treatment Result and Discussion
A series of experiments on mc-Si texturization were carried out with different approaches. Our first results regarding the variation of the morphological studies of different hemispherical structure are formed in large area 125 × 125 mm 2 mc-Si wafer. For the theoretical approach to get lower reflectance, we assumed it to be a part of a sphere for simplicity. The calculation was based on a ray-tracing method. As the texture is a part of a sphere, the relationship between width (D), depth (H), radius (r), and the surface reflectance (R) corresponding with function of incident angle ( f (θ)) can be calculated as follows [27] :
In other words, the ratio (H/D) of depth and width of these etch pits determines the reflectance of the textured mc-Si [28] . Figures 2(a) , 2(b), and 2(c) show the surface morphology after 30, 60, and 120 seconds of acid etching. Acid etching forms spherical etch pits on the surface of mcSi which are generated by saw damage as template. The resulting surface structure after 30 seconds etching features the known homogeneous arranged oval etch warm shape pits with a mean width of 5-8 μm (shown as Figure 2(a) ) and a depth of 2.5 μm. After 60 seconds, the shape changes from oval pits to mainly round structure with an average diameter of 10-15 μm as shown in Figure 2(b) . These rounded features have good antireflection properties. After 120 seconds of etching, the shape changes from oval pits to become plainer due to longer etch times or higher etch rates. According to article [27] , these structures increase the reflectance of silicon. After thorough observation with an optical microscope, it was found that the surface structures
were not yet satisfactory in the case of texturing with three different ratios of HF : HNO 3 : H 2 O for etching times over 60 seconds. If the time of etching is too long, the texturization disappears and the dislocations and grains boundary figures appear. The surface of mc-Si is not quite satisfactory for solar cell application even up to 60 seconds of etching as shown in Figure 2(c) . Therefore, in the case of mc-Si after 60 etching for the rounds geometry, the lowest reflectance corresponding to a geometry having the highest ratio of H/D was observed. And so it can be concluded that the most reduction of the reflectance is obtained at the optimized etching time of 60 seconds.
The reflectance is minimal for high ratios of H/D. Since the surface structure and precisely the ratio H/D are highly sensitive to the slightest changes in the reaction of the etchant, all influencing parameters arising during the electrochemical process like etching time and rate should be examined. Figure 2 shows the reflectance of the textured surface for wavelengths between 300 and 900 nm. These curves reveal the increasing importance of the geometry comparing to the etch time. Compared with that of the textured surface, the average reflectance of the mc-Si surface decreased to 25.3% after the acid texturing process while after texturing for 60 seconds, the decrease of the reflectance was rather weak, especially at long wavelengths.A significant reduction of the reflectance which is the optimized etching time for 60 seconds has to be noted.
The samples being acid texturized during 60 seconds were used in the next processes for phosphorus diffusion. The n-type emitter was formed by heavily doping with phosphorus using a POCl 3 source at high temperature. Figure 3 illustrates the (1) sheet resistance (in Ω/ ) and (2) conversion efficiency (in %) as a function of different temperatures (from 770
• C to 900
• C of the solar-cell with drive-in diffusion processes). Among the diffusion process included in the study, the maximum conversion efficiency value of 14.26% is obtained at 835
• C diffusion temperature. Further increases in the diffusion temperature beyond 835
• C cause decreased conversion efficiency. The sheet resistance decreases initially with increasing the diffusion temperatures, and reaches a minimum value at 835
• C -diffusion temperature. With this optimal diffusion parameters at 835
• C for a solar-cell prototype, the sheet resistance is measured to be 44.7 Ω/ , and its corresponding conversion efficiency is 14.26%. The surface reflectance was further lowered after depositing Si 3 N 4 layer on the large-area surface of the mc-Si solar cell, and the results are shown in Figure 4 . The reflectance for the SL coating remains at a low value below 2.8% for an extended spectral range from 612 nm to 738 nm wavelength. In contrast, the reflectance for the DL coating is a very low value of 1% between 572 nm and 672 nm wavelength. We focus our attention on the 450-600 nm spectral range which corresponds to the maximum intensity of solar irradiation. Compared with the SL, the DL coating is characterized by a smaller reflectance precisely in this useful range. The character could significantly contribute to further improvements on solar cells' performance. As a matter of course, an increase in the light absorbed in the cell properly enhances the generation of electrical parameters of the cell if there is no loss from the deposition scheme. This could be confirmed by measuring of the I-V curve of the developed cell as in Figure 5 . The solar cell surface with DL coating and the short-circuit current density (J sc ) of 34.45 mA/cm 2 cell are comparable to a solar cell without coating. The observed conversion efficiency (η) was 16.34%, which is a major advantage of Si 3 N 4 films. The high conversion efficiency also electronically passivates the surface, leading to reduced recombination losses. To increase DL coating in the lightest absorbed in the cell properly enhances the generation of electron-hole pairs and the current density of the cell if there is no loss from the passivation process. The solar cell with the SL coating had the high efficiency. J sc is 33.82 mA/cm 2 , open-circuit voltage (V oc ) is 615 mV, fill factor (FF) is 76%, and η is 15.81%. The difference in conversion efficiencies of cells with different surfaces basically comes from the variation of J sc . They are mainly depositing condition-dependent parameter of the large-size solar cells. It seems that the V oc and the FF are clearly not related to the AR coating. With these results, it can be concluded that our deposition scheme with DL coating creating AR surface is successful in achieving better J sc and hence better conversion efficiency in large-area mc-Si solar cell.
The percentage refers to the fraction of light-generated carrier and the variations between one region and another are due to variations in the diffusion length in the solar cell caused by the light absorb in the mc-Si solar cells. Thus diffusion length is lower. The result obtained using the suggested that graded DL coating is therefore very satisfied, especially if we know that ideal coating layer that we could obtain by complete surface passivation can reduce recombination. Minority carrier lifetimes strongly depend on the passivation process and we found a conversion efficiency of 15.81% and 16.34% for SL and DL, respectively. Figure 7 shows that the QE curve of the DL coated solar cell is higher than that of the SL coated solar cell in a wide-wavelength range (300-1200 nm). The DL coating having higher QE in a wavelength range of 450-1000 nm contributed to the lower reflection and the increase in effective minority carrier diffusion length. It is also seen that the SL QE decreases in the long wavelength region due to decrease in effective minority carrier diffusion length. This indicates a clear coat quality improvement and since the area under the curve is a measure for the cell current, one can see that the cell with the passivating Si 3 N 4 has a higher short circuit current density and thus higher conversion efficiency.
Conclusion
For the large size solar cell process described above, an efficiency of 16.34% is achieved. We have shown that the 1200 1100 1000 900 800 700 600 500 400 300
Wavelength ( major advantages of the process are texture of a large size mc-Si with suitable acid solution ratio, no grainboundary delineation, and significant reproducibility. These advantages improve the throughput in industrial production of solar cells. The n-type emitter was formed in the solar cell process by phosphorus diffusion at temperatures of 835 • C for 10 minutes predeposition followed by 20 minutes drive-in. By the PECVD, Si 3 N 4 layers provide both surface passivation and antireflection coating in silicon solar cells. In this work, the Si 3 N 4 films with different refractive indices were prepared by varying the gas flow rate ratio of SiH 4 to NH 3 . The DL coated refractive index Si 3 N 4 concept demonstrated that this could be used to decrease the reflection losses and surface hydrogen passivation. The increase in J sc is an improvement in the number of layer coating and material thickness, especially for the minority carrier lifetime. The quantum efficiency measurements showed that the DL improvement in average diffusion length has been achieved compared to SL. Because the chemical etching for acid texturization and AR coating formation is very simple, cheap, and suitable for mass production, present technology is very promising for largearea mc-Si solar cells manufacturing. In the future, we will focus both on improving the mc-Si texturing quality and on implementing novel process features like different materials coating to obtain relatively high efficiency solar cells.
